The oligomeric organization of enzymes plays an important role in many biological processes, such as allosteric regulation, conformational stability and thermal stability. ␣-Glucuronidases are family 67 glycosidases that cleave the ␣-1,2-glycosidic bond between 4-O-methyl-D-glucuronic acid and xylose units as part of an array of hemicellulose-hydrolyzing enzymes. Currently, two crystal structures of ␣-glucuronidases are available, those from Geobacillus stearothermophilus (AguA) and from Cellvibrio japonicus (GlcA67A). Both enzymes are homodimeric, but surprisingly their dimeric organization is different, raising questions regarding the significance of dimerization for the enzymes' activity and stability. Structural comparison of the two enzymes suggests several elements that are responsible for the different dimerization organization. Phylogenetic analysis shows that the ␣-glucuronidases AguA and GlcA67A can be classified into two distinct subfamilies of bacterial ␣-glucuronidases, where the dimer-forming residues of each enzyme are conserved only within its own subfamily. It seems that the different dimeric forms of AguA and GlcA67A represent the two alternative dimeric organizations of these subfamilies. To study the biological significance of the dimerization in ␣-glucuronidases, we have constructed a monomeric form of AguA by mutating three of its interface residues (W328E, R329T, and R665N). The activity of the monomer was significantly lower than the activity of the wild-type dimeric AguA, and the optimal temperature for activity of the monomer was around 35°C, compared to 65°C of the wild-type enzyme. Nevertheless, the melting temperature of the monomeric protein, 72.9°C, was almost identical to that of the wild-type, 73.4°C. It appears that the dimerization of AguA is essential for efficient catalysis and that the dissociation into monomers results in subtle conformational changes in the structure which indirectly influence the active site region and reduce the activity. Structural and mechanistic explanations for these effects are discussed.
The oligomeric organization of proteins, and especially of enzymes, provides an additional level of complexity and plays an important role in numerous biological processes. Indeed, many enzymes are found as oligomers, and changes in enzymatic activity very commonly accompany oligomer dissociation. Such changes are part of allosteric regulation mechanisms in a number of enzymes (32) , while in other enzymes and proteins, the assembly of oligomers contributes to both conformational and thermal stabilities (15, 31) . One of the major driving forces for protein oligomerization originates from shape complementarity between the associating molecules, brought about by a combination of hydrophobic and polar interactions (e.g., hydrogen bonds and salts bridges) (16, 17) . Another common mechanism for protein oligomerization is three-dimensional domain swapping, in which a segment of the monomeric protein is replaced by an identical segment from a second monomer (2) .
The importance of protein oligomerization can be studied by comparing the catalytic and biochemical properties of the monomeric and oligomeric forms. However, the conditions required to dissociate oligomeric proteins into their monomeric subunits usually lead to inactive proteins, thus preventing the seclusion of the state of oligomerization as the only parameter measured. Another approach to examine the role of quaternary structures of proteins is to artificially create the monomers by mutating specific residues that are directly involved in intersubunit interactions within the protein oligomer. By using such an approach, it has been shown that mutations of different enzymes resulted in either active or inactive monomers (1, 24, 26) . One of the most studied enzymes in this regard is triosephosphate isomerase, which usually forms a stable and tightly bound dimer (4) . Several studies on triosephosphate isomerases from various sources showed that different mutations in the dimer interface lead to monomers with different levels of activity. Some of these mutants showed concentration-dependent specific activity, suggesting that the inactive monomers can associate, at least to some degree, to give an active dimer (4, 19, 27, 34) .
␣-Glucuronidases (EC 3.2.1.139) cleave the ␣-1,2-glycosidic bond between 4-O-methyl-D-glucuronic acid and xylose units in short ␤-1,4-xylooligomers, as part of an array of hemicellulosehydrolyzing enzymes. In the sequence-based classification of carbohydrate-active enzymes (available on the CAZy server at http://afmb.cnrs-mrs.fr/CAZY), the different bacterial and fungal ␣-glucuronidases are classified as glycoside hydrolase family 67 (GH-67). The enzymes of this family were found to use a single displacement-inverting mechanism for the hydrolysis of the glycosidic bond (3) . Currently, complete three-dimensional structures of only two representatives of GH-67 enzymes are available, the ␣-glucuronidase from Cellvibrio japonicus (formerly Pseudomonas cellulosa), GlcA67A (22, 23) , and the ␣-glucuronidase from Geobacillus stearothermophilus, AguA (12) . The overall structures of these two enzymes appear to be quite similar. Each of them contains three domains, the central of which has a (␤/␣) 8 barrel fold that accommodates the active site. The combination of biochemical analysis of mutant enzymes and structural analysis of enzymes complexed with their substrates or products enabled the identification of three carboxylic acids as the catalytic residues of these enzymes. The two enzymes were previously reported to be homodimeric proteins in solution (21, 35) , but, surprisingly, according to their crystal structures, the dimeric organization of the two enzymes seems to be different. The fact that structurally and functionally very close enzymes form different oligomeric organizations raises questions regarding the significance of the dimerization for the activity and stability of these enzymes.
In the present work, we performed a sequence and structural comparison of AguA and GlcA67A and found several elements that are responsible for the different dimeric forms of these enzymes. Based on phylogenetic analysis, it seems that bacterial ␣-glucuronidases can be divided into two distinct subfamilies and that the different dimeric forms of AguA and GlcA67A represent the two different dimeric forms of these subfamilies. Mutagenesis of three of the dimer-forming residues of AguA resulted in the formation of a protein that was stable as a monomer in solution. This allowed us to compare the catalytic activity and thermostability of the enzyme in its dimeric and (mutated) monomeric forms. The crystal structure of AguA in complex with its reaction products (12) provides structural explanations for the different characteristics of the dimeric and monomeric forms of this enzyme.
MATERIALS AND METHODS
Mutagenesis, protein expression, and purification. The aguA gene (GenBank accession number AF098273) from G. stearothermophilus T-6 was cloned in the pET9d vector and overexpressed in Escherichia coli BL21(DE3). Site-directed mutagenesis was performed by using a QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, Calif.). The mutagenic primers for the mutant genes were as follows (the mutated nucleotides are italicized): W328E-R329T, 5Ј-CTGCC AGCAGGATGAGACCGATCGGACGACC-3Ј and 5Ј-GGTCGTCCGATCG GTCTCATCCTGCTGGCAG-3Ј; R665N, 5Ј-CGAGATGTCATCAATACCTA CTTTTACAACAAGTCAGGAATAGACGACC-3Ј and 5Ј-GGTCGTCTATTC CTGACTTGTTGTAAAAGTAGGTATTGATGACATCTCG-3Ј. The mutated genes were sequenced to confirm that only the desired mutations were inserted. The wild-type (WT) and mutated proteins were overexpressed and purified in a procedure that included heat treatment at 60°C for 30 min and size exclusion chromatography, as previously described (35) . Protein concentrations were determined by the Bradford method, with bovine serum albumin as a standard (5) .
Enzyme assay, effect of temperature on activity, and thermostability. ␣-Glucuronidase activity was determined by measuring the release of 4-O-methyl-␣-D-glucuronic acid from aldotetraouronic acid [2-O-␣-(4-O-methyl-␣-D-glucuronosyl)-xylotriose] by using the Milner and Avigad assay for uronic acids (20) as described previously (35) . The effect of temperature on the reaction rate was determined by performing the standard reaction at different temperatures, ranging from 20 to 75°C, in 100 mM sodium cacodylate-HCl buffer, pH 7.0. The thermal stability was determined after incubating purified enzyme solutions in 10 mM phosphate buffer solution (pH 7.0) in the presence of 1 mg of bovine serum albumin per ml for 20 min at different temperatures. The residual activity was measured under the standard assay conditions described above at 55°C for the WT enzyme or 35°C for the mutant enzyme. All activity measurements were performed with newly made dilutions of the enzymes.
Size exclusion chromatography. Following heat treatment, the WT and mutant AguA proteins were subjected to size exclusion chromatography on a Superdex 200 26/60 gel filtration column (AKTA explorer; Pharmacia). Protein samples (10-ml) were applied on the column and eluted at room temperature with 50 mM Tris-Cl buffer (pH 7.0), 100 mM NaCl, and 0.02% sodium azide, running at 2.5 ml/min. Molecular weights were determined from regression analysis of the log relative molecular weight (M r ) of protein standards as a function of K av . K av , the available partition coefficient, is defined as ( DSC. The melting temperatures of the proteins were determined by using differential scanning calorimetry (DSC) (VP-DSC MicroCalorimeter; MicroCal Inc., Northampton, Mass.). Protein samples (0.5 mg/ml) were extensively dialyzed against 100 mM NaCl-50 mM Tris-Cl buffer at pH 7.0, and the actual dialysis buffer was used as the reference solution for the DSC scan. Samples were analyzed at a heating rate of 1°C/min over a temperature range of 50 to 90°C. A scan with a buffer solution in both cells was subtracted from each data set, and the molar heat capacity, C p , was obtained. The melting temperature was defined as the temperature at the maximum molar heat capacity. Analysis of calorimetric data was carried out with Origin 5.0 (MicroCal).
RESULTS
Sequence and structural analyses of GH-67 members. Currently, there are 20 different complete sequences of bacterial and fungal ␣-glucuronidases classified within the GH-67 family. The phylogenetic tree of these enzymes is presented in Fig.  1 , and their partial sequence alignments are shown in Fig. 2 . The phylogenetic analysis shows that GH-67 ␣-glucuronidases can be divided into three subfamilies: groups I and II are bacterial proteins and group III proteins are fungal. Currently, no archaeal, plant, or higher-animal ␣-glucuronidase genes are known. The fact that no plant ␣-glucuronidases have been found to date is especially surprising, since the substrate 4-Omethyl-D-glucurono-xylooligomer is part of xylan, the most abundant hemicellulose in the plant cell wall. In addition, plant genomes were found to contain significantly more glycosidase and glycosyltransferase-related genes than any organism sequenced to date, explained mainly by the complex structure of the plant cell wall (8) . On the other hand, ancient plants do not contain 4-O-methyl-D-glucuronoxylan, which may imply that ␣-glucuronidases have evolved relatively recently, as was suggested by Nagy et al. (21) . This explanation may account for the lack of ␣-glucuronidase genes in the currently available plant sequences. Among the bacterial ␣-glucuronidases, there is no obvious correlation between the two subfamilies and the bacterial 16S ribosomal RNA phylogenetic tree (7). Group I ␣-glucuronidases includes gram-positive bacteria (Bacillus, Geobacillus, and Streptomyces), gram-negative Proteobacteria (Aeromonas), and hyperthermophiles (Thermotoga). Group II includes mainly Proteobacteria (Cellvibrio, Xanthomonas, and Caulobacter) but also Bacteroides.
The differences in the amino acid sequences of the three subfamilies are clustered mainly in the N-and C-terminal ends of the proteins. The middle part of the alignments show a VOL. 186, 2004 DIMERIZATION OF BACTERIAL ␣-GLUCURONIDASES 6929 higher degree of similarity between the different proteins, in agreement with the location of the active site within this domain. The three subfamilies differ also in the lengths of their amino acid sequences. On average, group II proteins are longer at the C terminus by about 22 residues compared to group I proteins. The fungal ␣-glucuronidases (group III) are much longer than the bacterial proteins, containing about 110 additional residues at the C terminus. The two crystal structures of ␣-glucuronidases which are currently available represent the two bacterial subfamilies: the ␣-glucuronidase from G. stearothermophilus (AguA) belongs to group I, whereas the ␣-glucuronidase from C. japonicus (GlcA67A) belongs to group II. The two proteins share sequence identity of 42% and sequence similarity of 59% out of 665 aligned residues. A superposition of the AguA and GlcA67A structures is shown in Fig. 3A . In addition to the relatively high similarity at the primary structural level, considerable similarity is observed also for the tertiary structures of the two proteins. As expected, the highest structural homology between the two structures is at the central (␤/␣) 8 domain, which contains the active site. The root mean square deviation between the two structures is 1.02 Å for all C␣ atoms and 0.7 Å between C␣ atoms of only the (␤/␣) 8 domains (structural alignments were performed by using the K2 server) (29) . The longer C-terminal polypeptide chain of GlcA67A is located on the outer side of the enzyme monomer, interacting with other residues of the C-terminal domain, as well as with residues of the middle (␤/␣) 8 domain.
As previously described, both AguA and GlcA67A exist as homodimers in solution (21, 35) . Indeed, in the crystal structure of GlcA67A, a dimer was found in the crystallographic asymmetric unit (Fig. 3B) (23) . In the crystal structure of AguA, however, only one molecule of the enzyme was found in the crystallographic asymmetric unit under the crystallization conditions used (12, 30) . Generation of all the symmetry-related molecules in the crystallographic unit cell of AguA revealed one dimeric form which seems to be the most biologically relevant (12) . The interface region of this form includes W328 and R329, located on a loop in the (␤/␣) 8 domain, and E536, R548, E654, D657, R665, and K666, located in the C-terminal domain (Fig. 3C ). The assignment of this dimerization contact is supported by mutagenesis and biochemical studies described below. Two more possible dimers were generated from symmetry-related molecules in the crystal structure of AguA (data not shown), but in both of them significantly fewer conserved residues are involved compared to the dimeric organization described above. It should be noted that none of the three crytallographically possible dimers of AguA is similar to the reported dimer organization of GlcA67A (23) .
The family GH-67 sequence alignment reveals a very good correlation between the different dimerization points suggested for AguA and GlcA67A and the conservation pattern of these residues in the different GH-67 subfamilies (Fig. 2) . For example, most of the dimer-forming residues of AguA, such as W328, R329, E536, E654, and R665, are completely conserved within group I enzymes but are not conserved in group II enzymes. Residues W328 and R329 in AguA are located on a loop that in the GlcA67A structure is shorter and has a different conformation (Fig. 3A) . Similarly, several of the dimerforming residues of GlcA67A, such as L163, Q220, R451, and P701, are completely (or almost completely) conserved within group II ␣-glucuronidases but are significantly less conserved in group I sequences. The last residue, P701, is located on the long polypeptide chain at the C terminus of GlcA67A that is absent in the group I enzymes.
It is interesting that many fungal ␣-glucuronidases were found to be monomeric proteins (11, 18, 33) . Indeed, the residues found in the dimerization positions of both groups I and II enzymes are no longer conserved in the group III fungal ␣-glucuronidases, in correlation with their observed monomeric characteristics. Construction of a monomeric form of AguA. Site-directed mutagenesis was performed to test whether the suggested dimeric structure of AguA is the biologically relevant dimer of the WT enzyme in solution. Three of the interface-forming residues, W328, R329, and R665, which are conserved only within group I sequences, were mutated into the corresponding residues in the sequences of the fungal enzymes. Two mutant AguA proteins were constructed: a double mutant W328E-R329T and a triple mutant W328E-R329T-R665N. The mutant enzymes were overexpressed and purified similarly to the WT enzyme, in a procedure that included heat treatment (60°C for 30 min) and gel filtration chromatography (35) . According to sodium dodecyl sulfate-polyacrylamide gel electrophoresis analyses that followed the purification steps, both mutants had M r s of about 78.5 ϫ 10 3 , in agreement with their calculated M r of 78,381 and 78,339 for the double and triple mutants, respectively. It seemed that only small amounts of the proteins precipitated after the heat treatments (results not shown); thus, the mutants retained the thermostability of the WT protein. The M r s of the native double and triple mutant AguA proteins in solution were estimated by gel filtration chromatography calibrated by using protein markers of known molecular mass. Both mutants eluted from the column at different elution volumes than the WT AguA (Fig. 4) . The elution volume of the major peaks of the mutants corresponded to proteins with a M r of about 88 ϫ 10 3 , whereas the elution volume of the WT AguA corresponded to a protein with a M r of about 180 ϫ 10 3 . About 10% of the double mutant protein and 5% of the triple mutant protein eluted in elution volumes similar to that of the WT protein. Further characterization therefore was performed with the triple mutant W328E-R329T-R665N. The calculated M r of the WT dimeric enzyme is 156,986, and it hence appears that the three replacements, W328E, R329T, and R665N, were sufficient to transform almost all of the AguA molecules from their natural dimeric form to a monomeric form. These results confirm that the dimeric crystal structure which was suggested previously (12) and is presented in Fig. 3C is the true biological dimeric structure of the enzyme also in solution. Crystallization experiments for the monomeric AguA are now under way.
Catalytic and biophysical properties of the monomeric AguA. The catalytic activities of the two mutant monomeric AguA proteins W328E-R329T and W328E-R329T-R665N were similar and were significantly lower than the catalytic activity of the WT dimeric enzyme. From the temperaturedependent activity profile of the triple mutant, it seems that the optimal temperature for activity of the monomeric form had shifted to around 35°C, compared to 65°C of the WT enzyme (Fig. 5) . The highest activity of the monomeric AguA (at 35°C) was 240-fold lower than the WT activity at this temperature and 2 ϫ 10 4 -fold lower than the maximal activity of the WT activity at 65°C.
To examine whether the lower optimal temperature of the monomeric AguA results from reduced stability of the protein at high temperatures, the thermostability of the monomeric AguA was compared to that of the WT enzyme. As described above, during the purification procedure only a small amount of monomeric AguA precipitated after the heat treatment of 60°C for 30 min, indicating that most of the protein did not undergo denaturation at this temperature. The residual activity profile of the monomeric enzyme after a 20-min incubation at different temperatures was very similar to that of the WT enzyme, and both forms retained about 90% of their activity even after incubation at 70°C (Fig. 6) . After incubation at 75°C, a significant decrease in the residual activity was observed for both forms, but while the WT AguA retained about 30% of its activity, the monomeric form was completely inactivated. The melting temperatures of the two proteins were determined by DSC and were also found to be similar. The melting temperature of the monomeric AguA was 72.9°C, and that of the WT dimeric form was 73.4°C (Fig. 7) . Altogether, these results demonstrate that the thermostability of the protein was not reduced as a result of the three mutations and the resulting dissociation of the AguA dimer into monomers. 
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As mentioned above, a small fraction of the triple mutant AguA eluted in an elution volume identical to that of the dimeric WT enzyme (Fig. 4) . This raises the possibility that monomer-dimer equilibrium takes place, where the monomer is catalytically inactive and the observed activity reflects a small fraction of active dimer. Such dimerization-dependent activity profiles have been demonstrated for other enzymes (19, 24) . In these cases, since the concentration of the enzyme influences the equilibrium between monomers and oligomers, time-dependent inactivation upon enzyme dilution, as well as concentration-dependent specific activities, are expected (32) . In the case of AguA, however, the specific activity of the monomeric mutant at 30°C was independent of the initial sample concentration, and the same specific activity was measured when the enzyme was diluted 5-to 1,000-fold, 5 h prior to the assay. In addition, the activity was not time dependent, and following a 100-fold dilution, the specific activity was practically constant after periods of 1 min to 20 h (data not shown). These results suggest that even if there is equilibrium between monomeric and dimeric forms of the mutant AguA, its rate is very slow. Since all activity measurements were performed with newly made dilutions of the enzymes and were carried out in time scales of up to a few hours, it seems that the activity measured for the monomeric mutant is its intrinsic activity and not the residual activity of a small fraction of the dimer.
DISCUSSION
The sequence-based classification of glycosidases into families demonstrates that enzymes grouped within one family share the same stereochemical course of the catalytic mechanism (retaining or inverting), the same identity and location of the catalytic residues in the active site, and the same overall structure (13, 14) . Indeed, the two structures of GH-67 ␣-glucuronidases discussed here, AguA from G. stearothermophilus and GlcA67A from C. japonicus, show high structural similarity, especially in the active site and its surroundings (12, 23) . Surprisingly, the organization of the two monomeric subunits into a functional homodimer appears to be completely different in each of these enzymes. In this regard, GlcA67A was reported to be an extracellular cell-associated (21) enzyme, whereas AguA was found to be an intracellular enzyme (28) .
Two structural elements seem to be mainly responsible for the difference in the oligomerizations of the two enzymes (Fig.  3A) . In AguA, residues W328 and R329, which play an important role in the dimerization, are located on a loop that is much longer than the corresponding loop of GlcA67A. This difference in length seems to be critical for the ability of these two residues to form efficient intermolecular contacts. Probably more important is the fact that in GlcA67A the additional polypeptide at the C terminus (29 residues) is located exactly on the surface of the molecule whereas the corresponding AguA monomer forms the dimeric intermolecular contacts. This extra polypeptide, which is absent in AguA, is therefore a major factor in the dimer organization of the two enzymes, since in the case of GlcA67A it prevents monomer-monomer interactions similar to those observed in AguA. The phylogenetic analysis of all GH-67 sequences (Fig. 2) suggests that these two dimeric forms may represent two possibilities of dimerization for bacterial ␣-glucuronidases. AguA and its homologous enzymes (group I) adopt one dimeric form, while GlcA67A and its homologous enzymes (group II) adopt another form. Obviously, additional bacterial ␣-glucuronidases should be structurally examined to validate the generality of such an explanation. It is possible also that in fungal ␣-glucuronidases, the much longer extra polypeptide chains at their C termini (ϳ110 residues) completely prevent the formation of dimers of the types observed in either AguA or GlcA67A and stabilize the monomers in solution. Such an arrangement is consistent with the reported monomeric forms of the fungal ␣-glucuronidases obtained by biochemical studies (11, 18, 33) . It is noted that whereas all known bacterial ␣-glucuronidases are intracellular or cell associated, the fungal ␣-glucuronidases are extracellular. Thus, the monomeric forms of the fungal enzymes might be a consequence of their physiological role as extracellular enzymes. The construction of the triple mutant AguA, which appears to be mostly monomeric, allowed us to evaluate the significance of the dimerization for the catalytic activity and stability of AguA. In the suggested dimeric structure of AguA, there seems to be only one major hydrophobic interaction between the two subunits, involving W328 and V658. In addition, the hydrophobicity of the suggested interface is not larger than the hydrophobicity of the rest of the protein (data not shown). On the other hand, there are eight amino acid residues from each AguA monomer that could participate in the dimerization by forming altogether 18 possible intersubunit hydrogen bonds. The replacements of W328, R329, and R665 would remove 12 of these potential interactions (Fig. 3C) . As evident from the results of size-exclusion chromatography, the combination of the three mutations (W328E, R329T, and R665N) leads to an almost total dissociation of the original AguA WT dimer into monomers, confirming the central role of these residues for dimer formation.
The biochemical characterization of the monomeric AguA   FIG. 8 . The structural elements suggested to be responsible for the reduced activity and lower optimal temperature of the monomeric AguA. (A) The solvent-accessible surface of one monomer of the dimeric AguA in complex with its reaction products. The surface of important residues is colored as follows: interface residues that are in distance of Ͻ5 Å from the second monomer are cyan; the interface residues that were mutated to form the monomeric AguA are blue; the catalytic residues are magenta. The products are shown in stick representation in green (carbons) and red (oxygens). The location of P524, which is the interface residue closest to the active site (ϳ6 Å ), is indicated by an arrow. The figure was generated by using SPOCK (6) . (B) Interactions around P524 that could potentially affect the active site of AguA upon dimer dissociation. One subunit is shown in cyan and the other subunit is in blue; potential hydrogen bonds (less than 3.5 Å long) are shown as dotted lines; the three catalytic residues of the first subunit are shown in pink; and the bound reaction products, 4-Omethyl-D-glucuronic acid (MeGlcA) and xylobiose (xyl 1 and xyl2), are shown in green. In the dimer structure, P524 of one subunit is 4.1 Å from P524 of the second subunit. The adjacent G525 can form a hydrogen bond of 2.6 Å with the 3-OH of xyl 2. (C) The interactions around W328-R329 that could affect the active site of AguA upon dimer dissociation. The color coding is the same as in panel B. W328 and R329 are located on the same loop as Y322, which can form a hydrogen bond of 2.6 Å with the catalytic acid E285. The loop on which E285 is located was previously found to be flexible, and can adopt a closed active conformation, or an open inactive one. Thus, the removal of W328 and R329 and the dimer dissociation could alter the important hydrogen bond between Y322 and E285 and consequently affect the stability of the flexible loop.
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DIMERIZATION OF BACTERIAL ␣-GLUCURONIDASES 6935 revealed a puzzling picture: whereas the optimal temperature for activity was reduced from 65°C for the WT enzyme to 35°C for the monomeric enzyme, the thermostability of the enzyme was not changed as a result of the dimer dissociation (as judged by an almost identical melting temperature) (Fig. 7) . Since the catalytic activity of the monomeric protein was measurable and showed temperature dependency, it seems that the overall three-dimensional structure of the enzyme remained generally unchanged. In addition, since the activity of the monomeric AguA was not concentration dependent, it appears that the measured activity is indeed the activity of the mutant form and not an activity of a small fraction of the mutant that was still capable of forming dimers. Thus, the reduced activity of the monomeric AguA resulted not from lower thermostability but probably from minute structural changes that affected the active site itself. The most pronounced influence of the three mutations is the dissociation of the dimeric structure into monomers. As a result, residues that were hidden in the interface between monomers became exposed to the solvent. Such exposure to the solvent could change the capability of these surface residues to form hydrogen bonds and electrostatic and hydrophobic interactions. Evidently, these changes were not significant enough to disrupt the protein structure in a way that would change its melting temperature. Figure 8A shows the dimer contact region on the AguA monomer surface. Of all the residues that are in proximity to residues from the other subunit (in a distance of less than 5 Å ), P524 is the closest residue to the active site (Fig. 8B) . The backbone carbon atom of P524 is 6 Å away from the xylose unit of the substrate in the ϩ2 subsite (subsite nomenclature according to Davies et al. [9] ). The exposure of P524 to the solvent could influence the activity also through the adjacent G525, whose backbone oxygen atom is an acceptor of a hydrogen bond (2.6 Å ) from one of the hydroxyls of the xylose at the ϩ2 subsite. Thus, the dimer dissociation could affect the binding of the substrate by changing this interaction. Interestingly, P524 shows the same sequence conservation pattern as the dimer-forming residues of AguA. All group I ␣-glucuronidases have proline in the homologue position, while other residues are found in the homologous position of the sequences of ␣-glucuronidases from groups II and III. Residues W328 and R329 that were mutated to form the monomeric AguA are about 15 Å from the general acid catalytic residue E285. Such distance is definitely too long to produce a direct influence on the catalytic activity. Nevertheless, these residues are located on the same loop as Y322, a completely conserved residue that forms a hydrogen bond 2.6 Å long with the catalytic residue E285 (Fig. 8C) . The loop carrying this catalytic residue (residues 283 to 287) was previously found to be flexible in the structures of AguA: it was not resolved in some of the enzyme structures, but it was visualized in its "open" (inactive) and "closed" (catalytic) conformations in other structures of AguA (12) . It is possible, therefore, that the replacement of W328 and R329 altered the hydrogenbonding network involving residues around E285, making the loop at residues 283 to 287 even more flexible. Assuming such increased flexibility in the AguA mutant, its higher activity at lower temperatures could be attributed to the slightly higher rigidity of this critical loop at lower temperatures.
In conclusion, our results indicate that the phylogenetic and biochemical analyses of family 67 ␣-glucuronidases are in good agreement with the structural data. Taken together, it appears that bacterial ␣-glucuronidases can have two different dimeric organizations, one for each of the subfamilies. The evolutionary conservation of the residues involved in the dimerization of each of the subfamilies suggests that the dimeric structure is important for the catalytic activities of these enzymes. From the crystal structure of the dimeric form of AguA, it seems that the dimerization itself does not have a direct role in catalysis since the active site is located far from the dimer interface. However, as can be seen from the biochemical comparison of the dimeric and monomeric forms of AguA, the assembly of the dimer is essential for efficient catalytic activity, in agreement with the phylogenetic analysis. It appears that the complex network of hydrogen bonds surrounding the active site is affected by the exposure of the dimer interface surface to the solvent. Currently, there are no available three-dimensional structures for fungal ␣-glucuronidases, which were found to function as monomers. Once a structure of one of them is available, it would be interesting to see how the extra C-terminal segment is arranged as to allow structural stability and efficient catalysis in monomeric ␣-glucuronidases.
